We have imaged the ejecta of GK Persei (Nova Persei 1901 A.D.) 
Introduction
The ejecta of old novae are particularly interesting because they are probes of both the thermonuclear processes and eruptions that give rise to classical novae, and of the interstellar matter surrounding cataclysmic variables. One of the oldest, largest and brightest nova shells is that of GK Persei, the very fast nova of 1901. The presence of very strong lines of Neon (Gaposchkin 1957) and Magnesium (Evans et al. 1992 ) suggest that GK Per was an ONeMg nova. GK Per reached visual magnitude 0.2 shortly after it erupted on 22 February, 1901 . Possibly the first observations of its color and spectrum were conducted by Frost (1901) at the Dartmouth Observatory, who wrote: "The brilliant object attracted my attention at eleven o'clock on the evening of February 22nd, before the receipt of the announcement of its discovery by Dr. Anderson. It was at that time to my eye brighter than a standard first-magnitude star, and showed a distinct yellowish color, recalling to my mind the shade of Nova Aurigae... Although the spectroscope employed does not permit micrometer settings to be made, the identification would seem to be sufficiently exact of the hydrogen lines Hα and Hβ, the sodium lines at D, the magnesium group b (in whole or part),...all these being represented by bright and dark components. Numerous other lines were seen that cannot yet be identified." Soon afterwards Perrine (1901) , Perrine (1902) and Ritchey (1902) published striking images of the nebulosity surrounding GK Per. Kapteyn (1901) correctly suggested that that a light echo was being observed. Couderc (1939) explained that forward scattering of light by dust sheets along the line of sight to the nova could explain the otherwise superluminal velocities. Narrowband images in the lines of hydrogen, oxygen and especially [NII] show an elongated, boxy shell of expanding, ionized gas almost 2 arcmin in size surrounding the central star of GK Per (Anupama & Prabhu (1993) and Lawrence et al. (1995) ). The narrowband imaging of Slavin et al. (1995) shows in detail the differences in morphology between the ejecta imaged in the light of different ions. Slavin et al. (1995) note that the [OIII] images of the northeast and southwest quadrants suggest different physical conditions, or that the ejecta in the southeast region have "burst out" from a high-to a low-density environment. This also appears to be the case in the eastern "hole" seen in all the narrowband images of all ions.
Very Large Array detections of GK Per showed it to be a non-thermal, polarized radio source (Reynolds & Chevalier 1984) displaying shocked circumstellar or interstellar material (Biermann et al. 1995) . IRAS images (especially those at 100 microns) examined by Bode et al. (1987) led to the discovery of an extended bipolar nebula around GK Per, leading Bode et al. (1987) to suggest that GK Per was embedded in an ancient planetary nebula (see also Dougherty et al. (1996) ). Tweedy (1995) pointed out that the white dwarf in GK Per must be at least 100× older and 5 − 10× colder than planetary nebula white dwarfs to have undergone a nova explosion. The extended nebula was also detected in HI (Seaquist et al. 1989 ) and CO (Hessman 1989) and (Scott et al. 1994) . While some of the IRAS emission may be due to interstellar cirrus (Hessman 1989 ), the conclusion that ejecta from GK Per is colliding with slow-moving or stationary exterior matter seems firm. International Ultraviolet Explorer spectra of the GK Per shell (Evans et al. 1992) suggest the presence of abundance gradients, in which excitation is likely to be due to shocks rather than by the weak ultraviolet emission of the stellar remnant.
GK Per was the first classical nova shell detected in X-rays (Balman & Ogelman 1999) .
ROSAT High Resolution Imager data showed that the X-ray nebula is clumpy, with an X-ray temperature of 2 × 10 6 K, and that it has an elliptical shape like that seen in optical narrowband images. The clumps were ascribed to fragmentation and condensation in a reverse shock zone. Chandra ACIS spectra (Balman 2005) show that the ejecta has roughly solar composition except for significant overabundances, relative to solar, of Nitrogen and Neon (which again suggests that GK Per was an ONeMg nova). Emission measures suggest electron densities ranging from 0.6 to 11 cm −2 , but only for assumed filling factors of unity.
The optical narrowband images showing highly clumped matter suggest densities 10 to 100 times higher. The cooling seen in the forward shock in the X-ray images is also detected in the optical narrowband [NII] images.
GK Per is one of a few old novae that show regular dwarf nova eruptions, which have been described in detail by Bianchini et al. (1986) ; see also Evans et al. (2009) . Winds up to few thousand km/s accompany dwarf nova eruptions (Froning et al. 2002) ; this fact will be noted when we describe high resolution imagery of GK Per's ejecta.
A remarkable feature is seen in very deep narrowband optical images of GK Per: a jet-like feature in the northeast quadrant, first noted by Anupama & Prabhu (1993) , and first described by Bode et al. (2004) . The jet appears to curve and spread as it stretches outwards, and to have its origin at the center of the ejecta. Its origin and connection with the faint, extended nebulosity around GK Per are uncertain, but its geometry suggests an intimate connection.
All of the intriguing observations noted above are limited in angular resolution to about 1 arcsec. At 470 parsec, GK Per is closer and better resolved than all old nova shells except that of Z Cam (Shara et al. 2007) . The "smooth" ejected shell of the recurrent nova T Pyxidis detected in groundbased images (Shara et al. 1989 ) was resolved into thousands of knots with Hubble Space Telescope (HST) images (Shara et al 1997) , yielding significant insight into the longterm evolution of this object (Schaefer, Pagnotta & Shara 2010 ). GK Per is several times closer to the Sun than T Pyx, so that HST images of the ejecta and nebulosities around GK Per might yield even more detail, and hopefully, a better understanding of their origin and evolution. For this reason we applied for, and were granted HST time to obtain images and spectra of GK Per. We also obtained deeper ground-based images of the jet-like feature, and its first spectrum.
In section 2 we describe the HST and ground-based datasets. HST narrowband images of GK Per are shown in section 3, and an expansion map derived from some of these images is presented in section 4. Spectra of six of the cometary structures that we have discovered are shown and analyzed in section 5. A very deep, narrowband image of the jet-like structure is shown in section 6, as is its first spectrum. We summarize our results in section 7.
The Data
We observed GK Per under the auspices of HST proposals 6060, 6965 and 7768. 
HST images of GK Per
The HST images for each filter obtained in October 1995 and January 1997 (see Table   1 ) were combined using multidrizzle and associated software in IRAF/STSDAS to remove cosmic rays and to mosaic the 4 chips into a single image. The images in the lines of NeV,
[OII], HeII, and Hβ showed little or no detail; emission in these passbands is much weaker show below, the spectrum of the accretion disk of GK Per is dominated by Balmer lines, (rather than, say, HeII lines), and there is no HeII emission seen in the inner parts of the GK Per nebula in our narrowband HeII images. Thus the accreting white dwarf is unlikely to be a sufficiently luminous source of ionizing radiation to photoionize the ejecta. The outer, narrower parts of the comet-like features often terminate in a bright knot, suggestive of a shock interaction of the outflowing ejecta with a stationary or slower moving medium. The observational case for large amounts of circum-binary matter surrounding, and interacting with the ejecta of novae is given in Williams & Mason (2010) . The morphologies we see in the outer parts of some of the GK Per comet-like features are consistent with blobs of ejecta running into a pre-existing ambient medium. We have already noted the detection of large regions of faint surface brightness material outside the 2 arcmin diameter ejecta of GK Per, and will show further evidence in section 6 below.
Expansion and Variability of the GK Per ejecta
We used contour plots of intensity to identify the brightest peaks in each knot in each epoch of the [NII] images. In all we identified and matched 937 knots. We determined the centroid of light of each knot positions using the IRAF task centroid. We then calculated the proper motion of the centroid of light of each knot, and did the same for a sample of 25 stars in the GK Per image. In Figure 7a we show the map of the motion of the 937 knots.
In Figure 7b we show, to the same scale, the near absence of motion detected in the 25 stars.
In Figure 8 we show the amplitude of the knots' proper motions as a function of radius.
A pure linear relationship (shown as a solid line in the figure) between proper motion and radial distance from the nova is a fairly good fit the data. The vertical scatter in the plotted data is several times larger than the error bar shown in the upper left of the figure. It is due to the asymmetry in the nova ejection velocity field seen in Figure 7a . If the ejection of material from the white dwarf in the GK Per binary was nearly instantaneous, spherically symmetric, and into a vacuum then we would expect a thin-shell spherical nebula with a smoothly varying surface-brightness distribution. From the morphology of Figures 1 through 6 we see that neither the "spherically symmetric" nor the "surrounding vacuum" approximations can be valid. There is clearly an azimuthal dependence on the ejection velocity -a phenomenon often observed in nova shells which are characteristically prolate with equatorial bands and polar caps Ford & Ciardullo (1988) . The behavior of the ejecta, subject to deceleration, has been modeled by Seaquist et al. (1989) . Duerbeck (1987) has measured the deceleration of the GK Per ejecta, finding a mean knot angular velocity of about 0.3 arcsec/yr, and showing that the time for individual knots to decrease in speed by a factor of two was 58 years. The largest angular velocity measured for any knot was 0.403 arcsec/yr while the largest angular velocity perpendicular to that direction was 0.330 arcsec/yr. These numbers are consistent with our own measurements.
In Figure 9 we show the comparison between the brightnesses of knots in the [NII] images measured in October 1995 and January 1997. Most of the knots are constant in brightness, with brightness changes smaller than the measurement errors. Remarkably, though, there are knots which exhibit striking brightness differences -up to a full magnitude.
(Knots on the left side of Figure 10 were brighter in January 1997 while the knots to the right of most points were brighter in October 1995.) A similar effect, on a similar timescale, has been seen in the knots of the recurrent nova T Pyxidis (Shara et al 1997) . A few of the most striking changes in knots' brightnesses are shown in the mosaic that is Figure 10 .
Spectra
STIS/CCD long-slit spectroscopy of the GK Per nova ejecta was obtained on 29 January, 1999 with the G430L (3000-5700Å) and G750L (5200-10 000Å) gratings (R∼2000), through the 52×2 arcsec 2 slit. The slit was positioned on part of the outer rim of the shell structure, and included several bright knots (as can be seen in Fig 1, where the slit position is presented superimposed on an [N ii] narrow-band [F658N] image of the ejecta). The resulting spectra (presented in Figure 11 ) consist of very broad emission lines, but no continuum, as is expected of moderate-density nebular gas. Their complex structure on the 2-dimensional CCD image is due to the varying knot brightness (in the spatial direction) and the instrumental wavelength broadening expected for the 2-arcsec-wide slit (in the spectral direction).
On-the-fly calibration was used for the data. The six brightest knots in Figure 11 covers in fact ∼40 pixels in the spectral direction. This means that if a knot spans the full 40 pixels in the slit, its emission lines will be broadened by 54Å or 97Å, for the G430L and G750L gratings, respectively. If the knot does not span all of the 40 pixels of the slit width, the emission lines will be less broadened, but their centers will be shifted. The line brightness variations across a knot additionally contribute to its appearing more or less shifted.)
We extracted six spectra, corresponding to the brightest ejecta knots (marked 1 to 6
in Figure 11 [a,b and c]), by using 16-pixel-wide apertures. These apertures were centered, in the spatial direction, by using the [N ii]-Hα line's peak intensity (marked in Figure 11 [c]). The background was subtracted, before extracting the spectra, by taking an average of the counts on either side of the emission lines in the spatial direction. The sample regions were placed manually. Some hot/warm pixels, which were not eliminated by the on-the-fly calibration, were removed by hand by interpolation. Emission line fluxes were measured by integrating above the zero level, as well as by fitting a Gaussian curve to the the emission line. Even when this did not represent the shape of the line, this method smooths the noise spikes and allows one to estimate the uncertainty. Fluxes are accurate to ∼15-20%. The reddening to GK Per cannot be determined from our data using emission lines since not enough de-blended Balmer lines exist in our spectra. Other line pairs with the same upper level and a sufficient difference in their central wavelength are not available.
Based on a distance of 470 pc (Warner 1987) and (Duerbeck 1981) , and the nova's Galactic coordinates (150.96, -10.10), we calculated a reddening of E(B − V ) = 0.32 mag, using the dust prescription of Schlegel et al. (1998) .
From Table 2 , it is clear that physical conditions and/or chemical abundances vary from knot to knot, since the de-reddened flux ratios (Table 3) It is clear from Figure 5 is that the volumetric filling factor of the GK Per ejecta is of order one percent or less. Assuming the same density throughout each cometary structure as that deduced for the two brightest knots above, a distance of 470 pc, a 1% filling factor and and a mean shell radius of 40 arcsec yields an upper limit on the visible ejecta of roughly 2.6 × 10 −4 M . The large deceleration of the ejecta measured by Duerbeck (1987) demonstrates that the majority of the visible ejecta mass must have been "swept-up" during the past century, so that the nova itself ejected less than 10 −4 M .
The "JET"
A jet-like feature in the northeast quadrant, first noted by Anupama & Prabhu (1993) , and first described by Bode et al. (2004) , appears to curve and spread as it stretches outwards, and to have its origin at the center of the ejecta. A deep narrowband exposure (see Table 1 ) of the GK Per ejecta is shown in Figure 12a , extending 2 arcmin to the NW of the central star. This corresponds to 0.27 parsec at the 470 parsec distance of GK Per.
The "jet" terminates at, and blends into an arc of very faint surface brightness nebulosity, also visible in Figure 12a . An equally faint band of nebulosity is seen to the SW of GK Per, stretching parallel to the band to the NE. This is clearly seen in our stretched (and negative) net Hα image which is Figure 12b . The origin of the jet, and why it is apparently one-sided, is unknown. If it is caused by particles moving at the same speed as the highly visible ejecta then it must have begun forming at least a century before the 1901 eruption.
The jet is not seen interior to the bright ejecta, but this may not be surprising as the space surrounding the old nova has almost certainly been "snowplowed". This is expected, on the basis of the measured deceleration of GK Per's ejecta (Duerbeck 1987) . The curvature in the jet, especially if extended back to GK Per, suggests that it might be a rotating feature;
this could connect the one-sided jet to the nebulosity to the SE. Alternately, the entire GK Per system (including the ejecta) may be moving towards the NW, and the "wind" of a nearly stationary ISM could be sweeping the jet "backwards". The somewhat flattened morphology on the NW side of the boxy ejecta, as well as the systematically smaller proper motions to the W and NW relative to those moving towards the E and SE in Figure 7a are consistent with this interpretation. However, the lack of an enhanced leading shock edge on the NW side of the jet argues against this latter idea.
The spectrum of GK Per and its accretion disk are shown in Figure 13a , while that of the jet is shown in Figure 13b . The relative emission line strengths in the jet spectrum are listed in Table 4 (see also Figure 13c ), corresponding (at a plasma temperature of roughly 10 4 Kelvins ) to a density of 20-40 cm −3 (Osterbrock 1989) . This is about an order of magnitude less than the density reported for knots 4 and 5 in the previous section, and allows us to put limits on the mass of the jet.
We assume that the filling factor in the jet is unity, as there is no significant clumping or brightness inhomogeneity seen along its length in Figure 12a . The length of the jet-like feature is about 1 arcmin, corresponding to 4.2 × 10 17 cm , while its width is roughly one-tenth that size. If we assume that the depth of the jet is comparable to its width, and that the jet has a uniform density of 20-40 cm −3 , we find a mass of order 5 − 10 × 10 −6 M .
If this is the jet mass we point out that this represents a significant fraction of the mass ejected during the nova explosion. Of course, we have no way of knowing if the jet's depth is comparable to its width, so the mass just estimated should be regarded, for now, as an upper limit. If the jet is a persistent feature of the GK Per system then the mass loss it implies will play an important role in the evolution of the binary. CVs are the only systems containing an accreting compact object in which highly collimated jets have not been unambiguously identified so far (see Livio (2000) for a review). However, the long orbital period of GK Per (almost 2 days) puts it in the same class as the supersoft x-ray sources (in which collimated jets have been observed), in terms of the ratio of outer/inner accretion disk radius. Since this may be a crucial parameter for jet collimation (e.g. Spruit (1996) and Livio (2000)), it is possible that the jet-like feature indeed represents a collimated jet.
If jets are common but very faint and so-far undetected features of old novae, or of other types of cataclysmic variables, their effects will be equally important in understanding these systems' longterm evolution.
Summary and Conclusions
The highest In all cases the measured motion is less than ∼ 0.04 arcsec/yr. The [SII] doublet used to derive the density of matter in the "jet". 
